The paper provides analyses for two optical schemes developed for mapping 3-D crack tip fields in ductile materials. The first scheme combines the in-plane moire method with the projection moire method to determine all three displacement components simultaneously. In the second method, we combined onebeam laser speckle photography with the projection moire method to measure 3-D deformation fields. The experimental results obtained using these methods are presented.
I. Introduction
The measurement of field parameters in the immediate vicinity of a crack tip is of interest in most fracture studies. Due to the 3-D nature of the displacement field surrounding the crack tip vicinity, the experimental method used must have the potential to measure simultaneously all three displacement components. Existing experimental techniques used in fracture investigations, such as photoelasticity, moire methods, 1 laser speckle interferometry, 2 and holography, are convenient for making either in-plane or out-of-plane measurements alone. The method of caustics 3 4 provides information about stress intensification at the crack tip using the derivatives of out-of-plane displacement. However, it requires that one know apriori the nature of the out-of-plane displacement field.
There is a need for experimental methods which can directly measure all three deformation components for a better understanding of the crack tip behavior. Optical techniques used in experimental fracture mechanics provide either in-plane or out-of-plane deformation information. Complete 3-D deformation measurement requires combining some of the existing procedures. In the past, there have been a few attempts in this direction. Adams and Maddux 5 com-have used Fourier plane holography with speckle photography. Wu and Chiang 7 used a sandwich holography technique for measuring 3-D displacement fields near the blunt notch in a three-point bend specimen. Jaisingh 8 used laser speckle photography with projection moire 9 to measure elastic displacements of a cantilever beam. Chiang and Williams 10 have measured residual displacements ahead of a plastically deformed elliptical cutout in a tensile strip using a combination of in-plane moire and shadow moire methods.
We present the analyses for two methods, namely, the combined moire method and the laser speckle grating method useful in measuring 3-D deformation fields near plastically deformed cracks. The approach is an offshoot of the previous works of Jaisingh 8 and Chiang and Williams. 10 First-order analyses pertaining to recording and spatial filtering steps are provided for both methods.
II. Combined Moire Method
The combined moire method couples the in-plane moire method for mapping in-plane displacements with the projection moire method for out-of-plane displacement mapping. Here the specimen surface is photoprinted with a high density dot pattern with its principal directions parallel to the Cartesian coordinates 4i (or xi) and 42 (or X2). Onto this specimen surface, a line grating is projected with a projection angle fi. The grating projection is done as follows ( Fig.   1 ): A He-Ne laser beam is first expanded by a microscopic objective and then collimated by a field lens before it impinges on a line grating. The regular and diffracted wavefronts are collected by a second field lens which forms the diffraction spectrum of the grat-
Or, the intensity on the image plane for the magnifica- where p is the pitch of the projected grating.
When the specimen deforms due to the applied loads, the photoprinted cross grating deforms according to the in-plane displacements (components u 1 along x 1 and u 2 along x 2 ), whereas projected gratings follow out-of-plane displacements (U 3 along X 3 ). All three gratings are recorded on high contrast films by a single exposure as a master (when the load is zero) and deformed gratings. An enlargement of a typical combined grating recording is shown in Fig. 2(a) . On superposing the master grating with a deformed grating, all the fringe patterns corresponding to u 1 ,u 2 , and u 3 displacements can be obtained. To delineate each of these contour maps from the other two, optical spatial filtering" is performed. The schematic of optical spatial filtering is shown in Fig. 2 (b). The process of spatial filtering and fringe formation can be described as follows.
For the sake of mathematical simplicity, let us assume that the recorded gratings have sinusoidal transmittance. Without losing generality, let the gratings be recorded with a magnification factor equal to 1. The transmittance of a single grating of pitch p and x 1 as its principal direction can be expressed as t = ( + cos 2rx) P (8) In the combined moire method, there are three such gratings with different pitch and principal directions. Thus the transmittance of an undeformed grating obtained from the combined moire method can be approximated by (2) 27rx, 27X2 27rx, t= + Cos ')I +cos /1+cos tg = P q ) ( P (9) [is_ where p and q are the pitch of the photoprinted undeformed gratings along the x 1 -and x 2 -directions. The undeformed projected grating has a pitch p (>p), and
its principal direction is parallel to the x 1 -axis. After -1 deformation, the grating pitches change to p', q', and ice p', respectively, where p' = p + Ap(xl,x 2 ), q' = q + Aq(x1,x2), and p = p + Ap(x 1 ,x 2 ). Thus transmittance of a deformed grating is Spatial filtering is performed to delineate individual deformation fields, and the Fourier transform properties of thin lenses are incorporated in the analysis. It is also assumed that Ap, Aq, and Ap are slowly varying functions of the in-plane coordinates x 1 ,x 2 . Hence 
where
Then, the intensity distribution on the image plane is
where (-)* represents the complex conjugate. Equation (16) represents the fringe pattern due to deformation in the x-direction (isothetics or contours of u 1 ). Similarly, isothetics corresponding to U 2 and U 3 can be obtained by moving the mask with the filtering hole to positions u = 0; v = (1/q) and u = +.(1lp); v = 0, respectively. Equations governing the displacements are
where fringe orders m,m',m" = 0,+1,+2 .... It is to be noted that in actual practice the photoprinted dot pattern on the specimen surface has an identical pitch in two orthogonal directions x 1 ,x 2 , leading to the simplification p = q. Similarly, the expression for T' (uv) corresponding to the deformed grating with the grating pitch denoted by p',q', and p' is
From Eqs. (13) and (14), convolution (11) can be calcu- The experimental setup used for this technique is essentially the same as the one used in the combined moire method. In this method, the specimen surface does not have photoprinted gratings, as in the previous case. Instead laser speckles formed due to the surface roughness of the specimen are used to measure inplane deformations. Thus the process of specimen preparation is much simplified.
The optical arrangement described in the previous section is used to create a standing wave on the specimen surface. Simultaneously, a second optical field called the laser speckle field, which is a random interference pattern resulting from the mutual interference of numerous reflected wavelets from the specimen surface, forms in the entire volume in front of the surface. This laser speckle field has been exploited in recent years as an effective tool for measuring displacement and strain fields in solids and a velocity distribution in fluids. Thus the complex optical field on the surface consists of both projected gratings and laser speckles. Because the pitch of the grating is many times larger than the size of individual speckles, the recorded grating shows a structure that is made of many embedded speckles [ Fig. 3(a) ]. To facilitate the recording of the high frequency signals in this optical field, a mask with four circular apertures was used at the pupil plane of the lens. 12 "1 3 This approach is shown to improve the quality of fringes in laser speckle photography. The mask creates a fine gratinglike structure within each recorded speckle. On deformation, the specimen's in-plane displace-A. Single Exposure Speckle Grating Recording Using a ment (u 1 and u 2 ) is encoded into the displacement of Four-Aperture Mask the speckles, whereas its out-of-plane displacement is embedded in the distortion of the projected gratings.
As mentioned earlier, the specimen plane (Q1,62 All this information can be delineated using an optical plane) contains interference fringes with embedded spatial filtering process. Analysis leading to the final speckles. The process of coherent imaging is linear in realization of ul, u 2 , and U 3 contour maps can be done amplitude 14 and can be expressed as in two stages: (a) analysis of a single exposure speckle grating recording; (b) analysis of a double exposure a/(XxlX2) = a 0 (Q110 0 h(xX2) a, X -si 0 h(x 1 X 2 ), (18) speckle grating recording. where as and a, represent the random amplitude distribution on image and object planes, respectively. Parameter h(xl,x 2 ) is the impulse response of the diffraction-limited imaging system, M is the magnification factor, and @ is the convolution operator. For a fouraperture mask used during recording, pupil function 
where J represents the Bessel function of the first order. Other parameters 3, c are constants associated with the recording system [ Figs. 3(b), (c) ]. Here the first term represents Airy's spot when xl + x < 0.61(Xfl/2a), and the second term denotes the high frequency carrier which is a gratinglike structure inside the speckles. A linearly processed specklegram can be expressed (after omitting the constant term) as
or
Here a* is the complex conjugate of a. The frequency spectrum of I(xx 2 ) is obtained using the spatial filtering arrangement shown in Fig. 2(b) . If ah(rl,r2) denotes the amplitude distribution on the frequency plane,
and intensity Ih(rlr2) is given by
Here Eq. (23) represents the halo on the frequency plane; the explicit formulation of the above is detailed in Refs. 12 and 15. The enlarged dc region clearly shows two diffraction spots on either side of the dc due to the lower frequency projected gratings.
creating the standing wave, say (-1), is allowed to illuminate the specimen surface. The corresponding speckle field recorded at load
where ul and u 2 are the in-plane displacements, A-1 is the intensity due to the (-1) diffraction order, and the coordinates are set on the deformed object.
(2) Then the load is increased to F 2 , and both diffraction orders, +1 and -1, are allowed to impinge on the specimen surface simultaneously. This results in two overlapping but different speckle fields, A+,(xl,x 2 ) and A-1 (xl,x 2 ). In addition to the formation of two speckle fields, the amplitude addition of two wavefronts results in a standing wave, as described previously. Thus the intensity recording corresponding to the second exposure is Assuming that displacements l and u 2 are slowly varying functions of x and x 2 , 
To extract the out-of-plane displacement information us 3 , the speckle grating recording is filtered along with a master grating as was done in the combined moire method with a filtering hole positioned at (rl/Xf) = +(l/P).
where u = (r 1 /Xf) and v (r 2 /Xf). In the above equation, the first term is contributed by the projected grating, whereas the second is due to laser speckles (Fig. 4) . The in-plane displacement information is embedded in the second term. By positioning a mask with a filtering hole along the r (or r 2 ) axis, l (or 2 ) isothetics can be obtained on the reconstruction plane. Displacements are governed by
IV. Results and Discussion
The two methods described were implemented to study deformations occurring near an elastoplastically deformed crack tip. The specimens were made of different aluminum alloys with different work hardening characteristics. They were single-edge-notch fracture specimens and were subjected to far field uniform tension. In the combined moire method a 40-dot/mm grating was photoprinted on the specimen surface. A line grating pattern was projected on the specimen surface with the angle of projection ranging from 720 to 760. Figure 2(c) shows the diffraction spectrum observed during the spatial filtering of the recorded grating. On filtering the essential frequencies, the isothetics of ubu 2 , and 3 are generated on the image or reconstruction plane of the filtering setup. Figure 5 shows typical fringe patterns observed by using this technique.
The speckle grating method requires no special surface preparation of the specimen but a spray of flat white paint on the surface to help improve the brightness of the speckle field. The typical diffraction halo of a double exposure recording is shown in Fig. 4 . By selectively filtering the essential frequencies, isothetic maps, as shown in Fig. 6 , are obtained. It should be noted that the sensitivity of in-plane fringes is an order higher than U 3 fringes unlike in the combined moire method where the sensitivities of all three fringe patterns are of the same order. However, for elastoplastic deformation studies close to the crack tip, the specklegrating method has a drawback because it suffers from decorrelation effects 15 due to the large displacements and surface texture changes. This effect is evident near the immediate vicinity of the crack tip of the inplane fringes shown in Fig. 6 . 
